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Abstract. Ultrasonic Lamb waves have been widely used in the nondestructive testing and 
evaluation of materials – in particular, plate-like structures. The received ultrasonic Lamb wave 
signals are often noisy. An effective noise reduction technology is highly important to accurately 
assess the conditions of the plate-like structures. In this paper, a noise reduction method for Lamb 
wave signals based on the empirical mode decomposition method and adaptive threshold wavelet 
transform is presented. We demonstrate the advantages of the proposed method first by employing 
computer-simulated signals, after which we employ more realistic signals. Simulated and 
experimental data obtained from a steel plate are used to evaluate the performance of the proposed 
method qualitatively and quantitatively. The results show that the proposed method effectively 
reduces noise for ultrasonic Lamb wave signals. 
Keywords: Lamb wave, noise reduction, wavelet transform, empirical mode decomposition, 
signal processing. 
1. Introduction 
Ultrasonic Lamb wave testing is an effective method of nondestructive testing and evaluation 
to characterize the acoustical properties and defects of materials, especially in the form of large 
plate-like structures [1, 2]. The Lamb wave method has some advantages over other conventional 
ultrasonic testing methods, in which the inspection scan is performed in a point-to-point manner; 
for example, a Lamb wave excited at one point can spread for a long distance along the structure. 
However, the dispersive and multi-modal nature of Lamb waves makes the experimental data 
difficult to analyze and interpret. In dispersive wave propagation, the Lamb wave velocity is a 
function of the frequency; the received Lamb wave signals are non-stationary and change from 
point to point along the propagation direction. 
In Lamb wave signal analysis, reducing the noise in the detected signal is usually one of the 
most important issues. The experimentally received Lamb wave signals inevitably carry noise 
signals caused by multiple interference sources, transducers, the data measurement system, and 
unknown sources, all of which directly impact the reliability and accuracy of their detection. If 
broadband excitation is employed, the resultant multi-mode Lamb waves further complicate the 
signals that are ultimately detected. 
Many studies have been carried out on Lamb wave signal processing technologies [3-5]. 
Fourier analysis, which is the most popular signal processing technique, is widely used for the 
analysis of Lamb wave signals. This method has its inherent disadvantages, which become 
especially apparent when it is used with a non-stationary signal such as that produced by a Lamb 
wave. Therefore, developing noise reduction methods to process the non-stationary Lamb wave 
signal effectively is crucial. The wavelet transform (WT) [6-12] and empirical mode 
decomposition (EMD) [13-15] methods have been used in recent years to overcome some of the 
limitations of Fourier analysis. The WT method is widely used in the field of nondestructive 
testing because of its advantage in signal de-noising. Siqueira processed the measured Lamb wave 
signals in pipes by using a discrete WT with a fixed threshold [6]. Marchi used a warped frequency 
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transform to process multi-mode and dispersive Lamb waves [7]. Song treated the WT as a band-
pass filter and performed the optimal scale WT [8]. Matz evaluated various wavelet filtering 
techniques by means of the signal-to-noise-ratio (SNR) enhancement [9]. Liang used the optimal 
scale WT to identify a weak ultrasonic signal [10]. Pardo dealt with grain noise reduction by using 
the WT [11]. Lazaro used WT to eliminate noise with a fixed or soft threshold [12]. However, 
fixed and soft thresholds each have their own disadvantages. The signal after de-noising was not 
very salient. The performance of the WT method is determined by the wavelet basis and the signal 
properties. Although the EMD method can extract data adaptively according to the features of the 
Lamb wave signal, it cannot eliminate noise completely. Hence, it leaves many features of noise 
signals intact and cannot accurately retrieve the original signal [13]. 
To further investigate noise reduction in enhancing the time resolution and SNR of Lamb wave 
signals, a noise reduction method that combines the EMD and WT methods is presented in this 
paper. Both simulation and experimental approaches are used. The capabilities of this method are 
evaluated by applying it to signals obtained from the simulated single- and multi-mode 
experimental Lamb wave signals. The performance of this method is also compared with the 
performances of other methods. 
2. Lamb wave dispersion 
On the basis of the physical characteristics of particle vibration in the plate material, Lamb 
waves are divided into symmetric and anti-symmetric modes. Each mode has a different order, 
which is usually defined as  ,  ,  , …,  ,  ,  , … . In a free boundary plate, the 
characteristic equations of a Lamb wave are [16] as follows: 
The symmetric mode: 
tan()
tan() = −
4
 −  , (1)
and the anti-symmetric mode: 
tan()
tan() = −
 − 
4  , (2)
 = 	


− ,    = 	


− , (3)
where 
 = 2;  is the frequency;  is the wave number of the Lamb wave that spreads along 
the plate; ℎ is the half of the plate thickness;  and  are the longitudinal and transverse wave 
velocities, respectively, of the plate material. 
According to  = 
/, the relation between the phase velocity, , and the product of the 
frequency and plate thickness, , of each mode is nonlinear. Equations (1) and (2) determine the 
multi-modal and frequency-dispersion properties, respectively, of the Lamb waves (Fig. 1).  
and   denote the anti-symmetric and symmetric modes, respectively ( = 0, 1, 2, 3, … ) . The 
Lamb wave phase velocity varies with frequency, a phenomenon known as dispersion. Because 
of this dispersion, the time signal of a Lamb wave is non-stationary [17]. This leads to great 
difficulties in the feature extraction, identification and noise reduction of signals. To further 
investigate noise reduction in enhancing the time resolution and SNR of Lamb wave signals, a 
noise reduction method that uses a combination of the EMD and WT methods is presented in the 
next section. 
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Fig. 1. The phase velocity of Lamb waves  
( and  denote the anti-symmetric and symmetric modes, respectively;   0, 1, 2, 3,…) 
3. Noise reduction method 
In this section, we describe the application of a signal processing method that substantially 
improves the noise reduction performance of signals obtained from Lamb wave testing. 
3.1. EMD 
The idea of EMD is first to decompose an original signal into a series of intrinsic mode 
functions (IMFs) with the same number of zero crossings and extrema and a residual in the time 
scale. The IMF satisfies two conditions: (1) in all data, the numbers of extrema and zero crossings 
must either be equal or differ at most by one; and (2) at any point, the mean value of the envelope 
defined by the local maxima and local minima is zero. Each IMF is considered a different 
oscillation mode with different amplitude and frequency. The first IMF has the highest-frequency 
content and the frequency content decreases with increasing IMF. 
After decomposition of the IMFs, each IMF is identified to determine whether it is a 
noise-dominated component. The noise in the original signal has a relatively wide frequency band 
and low energy level; hence, subtracting the noise-dominated functions from the original signal 
yields the useful signal. The energy of each IMF is computed. Because the energy of the original 
signal is centralized after performing the EMD, the energies of the IMFs are compared to find the 
maximum energy as a threshold. 
Finally, the signal with the smaller noise content is reconstructed by the sum of the selected 
IMFs, judging from the spectrum and energies. The purpose of the noise reduction is to remove 
the noise-dominated IMFs. 
3.2. Wavelet transform 
Wavelet-based noise reduction is one of the most widely used methods in non-stationary signal 
analysis. Wavelet analysis is a mathematical tool for digital signal processing. The method 
decomposes a signal into a number of components differing in time scale. Through finding and 
reconstructing the modulus maxima, the noise is reduced from the original signal. Unlike EMD, 
the wavelet decomposition requires a fixed wavelet basis. 
In general, the de-noising procedure can be described as follows. Firstly, given a family of 
basis functions, a noisy Lamb wave signal is converted into an expression that uses the dual 
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parameters scale  and time : 
  〈	, ,	〉  1√ 	
∗    

, (4)
where ,	 denotes the wavelet basis function. Typically, the orthogonal wavelet function is 
constructed by multi-resolution analysis of the wavelet function. 
Second, the wavelet coefficients are processed with threshold selection. The choice of 
threshold functions and threshold values plays an important part in the performance of a wavelet 
denoising processor. The purpose of the thresholding is to suppress small value coefficients that 
correspond to the noise content. The hard threshold methods retain only coefficients greater than 
the set threshold value, whereas the soft threshold method additionally shrinks the remaining 
nonzero coefficients toward zero. The key to the wavelet method is the choice of a proper mother 
wavelet, thresholding method, and threshold value estimator for optimal performance. 
Finally, the reconstructed signal is obtained by using the wavelet reconstruction method after 
threshold processing. The reconstruction process can be deduced inversely by using 
approximations and detailed coefficients by means of the inverse transform. 
4. Simulation test 
To evaluate the proposed method, a simulation is conducted and its performance is compared 
with that of the EMD method. Fig. 2 shows the simulated non-stationary single mode Lamb wave 
signal with 0.43 MHz center frequency and 65 kHz bandwidth. Normal white noise with an SNR 
of 10 has been added to it in the time domain (Fig. 3). The signal length  is 1024. This method 
selects the Daubechies 8 wavelet with the decomposition level 3.  
  
Fig. 2. The original Lamb wave signal Fig. 3. The Lamb wave signal with the noise 
  
  
Fig. 4. The Lamb wave signal after the EMD 
processing 
Fig. 5. The Lamb wave signal after the proposed 
processing 
We compare the noise reduction effect in the time domain. As shown in Figs. 4 and 5, by 
employing the EMD method, the noise cannot be eliminated effectively and some useful 
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information is lost. The processed signal between 40–70 µm is not smooth and contains some 
noise burrs. The signal in this zone cannot reflect the features of the original signal. Both the main 
pulse signal and small signal are better restored with the proposed method than with the EMD 
method. In addition, reconstruction of the features of the original signal is far better with the 
proposed method. That is, the proposed method preferentially retains the authenticity of the 
original signal after noise reduction. 
The simulated Lamb signal is assumed to have no noise. Therefore, the performance of 
denoising methods can be quantitatively evaluated by three parameters, i.e. the , the mean 
square error (), and the smoothness index . These are given by: 
 = 10lg  

	

∑  − 	
 , 
(5)
 = 10lg 1
 − 

	

, (6)
 = 10lg 
 + 1 − 
	

∑  + 1 − 	
 , 
(7)
where   is the  of the denoised signal ′  and   is the   of the Lamb wave 
signal . 
Table 1 lists these parameters with the two methods when the  of the noisy Lamb wave 
signal is 10 dB. As summarized in the table, the proposed method improves the  and , and 
reduces the   of the processed signal. Relative to those of the EMD method, the   is 
improved by about 10 dB and the  is reduced by about 11 dB. Meanwhile,  is increased by 
7 dB. The proposed method outperforms the EMD method in all evaluation parameters. 
Table 1. Comparison of evaluation parameters 
Method EMD Proposed 
 / dB 13.132 22.921 
 / dB -58.0 -68.7 
 / dB -32.990 -25.904 
5. Experiments 
To validate the simulation results and demonstrate the usefulness of the proposed method in 
practical applications, the proposed method has also been applied to experimentally obtained 
multimode Lamb wave signals. 
The experimental system presented here is composed of the launch transducer, receiving 
transducer, digital ultrasonic flaw detector CTS-3000 (SIUI and Krautkramer, Germany), RS232 
bus, and computer (Fig. 6) [18]. All experimental procedures are controlled by the computer. 
 
Fig. 6. A schematic diagram of the experimental system [18] 
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The experimental system uses the flaw detector to send the excitation signal and receive the 
ultrasonic Lamb signal. CTS-3000 is a powerful digital ultrasonic flaw detector. Its flaw detection 
sensitivity surplus of up to 54 dB meets the detection requirement for large forged pieces and 
coarse crystal material. 
The experimental workpiece is a No. 304 stainless steel plate with a thickness of 0.97 mm. 
The transmitting and receiving transducers are piezoelectric oblique longitudinal transducers 
(models 2.5Z10*10K1). The central frequency of the piezoelectric transducer is 2.5 MHz. The 
transducer is coupled to the workpiece by water so that ultrasound can effectively be transmitted 
to the workpiece. Fig. 7 shows the recorded Lamb wave time signal, which mainly consists of  
and  modes, as shown in Fig. 1. 
 
Fig. 7. The experimental multimode Lamb wave signal 
The signal data are sent to the computer through the RS232 serial interface. US3000 V1.0 
software is used to record and analyze the data on the computer. The data and waveforms are 
stored as text files for later off-line processing on the Matlab platform. 
6. Results and discussion 
To verify the feasibility of using the proposed method in practical applications, it was also 
applied to the experimental multimode Lamb wave signal obtained as mentioned in Section 5. Its 
performance was then compared with that of the EMD and WT method. The experimental data 
were analyzed on the Matlab platform. Here, the Daubechies 8 wavelet was selected with the 
decomposition level at 3. 
Figs. 8 to 10 show the signals after denoising with the different methods. By adopting the EMD 
and WT method, the noise signals in the ranges of 0 to 500 μs and 700 to 750 μs, respectively, are 
apparently removed (Figs. 8 and 9). The WT method is superior to the EMD method. In the main 
pulse, the signal amplitude is slightly reduced relative to the original signal, and the smoothness 
of the signal is improved. Adopting the proposed method clearly enhances the smoothness and 
reduces the noise more effectively than the other methods in Fig. 10. 
Because the experimental signal contains noise, the noise reduction performance cannot be 
quantitatively evaluated. The amplitude spectrum of the experimental signal is further considered. 
The spectrum partly reflects the signal noise reducing effect. The normalized amplitude spectrum 
of the multimode Lamb wave signal is shown in Fig. 11. 
Fig. 11 shows that the amplitude spectrum of the original signal reaches its maximum value at 
2.3 MHz and the next highest value at 2.8 MHz, which correspond to   and   modes, 
respectively. Therefore, the original signal mainly contains  and  modes. There are apparent 
noise signals in the amplitude spectrum. Employing the EMD method as shown in Fig. 12 does 
not change the positions of peak values but slightly reduces the maximum amplitudes. The 
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spectrum around the main pulses is smooth. This implies that noise is reduced. However, noise 
remains in the whole spectrum domain. By employing the WT method as shown in Fig. 13, some 
detailed information between 1 and 1.5 MHz is lost. Adopting the proposed method as shown in 
Fig. 14 does not change the position of peak values. The spectrum after 1.5 MHz becomes 
smoother. However, noise reduction is apparent at the frequency band between 0 and 1.5 MHz. 
Therefore, the proposed method has better noise reduction efficiency. 
 
Fig. 8. The multimode Lamb wave signal after EMD processing 
 
Fig. 9. The multimode Lamb wave signal after WT processing 
 
Fig. 10. The multimode Lamb wave signal after the proposed processing 
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Fig. 11. The spectrum of the experimental signal 
 
Fig. 12. The spectrum after EMD processing 
 
Fig. 13. The spectrum after WT processing 
 
Fig. 14. The spectrum after the proposed processing 
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7. Conclusions 
The dispersive and multi-modal nature of the Lamb wave signal causes difficulties in the 
analysis and interpretation of signal. Moreover, the measured Lamb wave signals are non-
stationary and polluted by noise. A noise reduction method is proposed by using a combination of 
the WT and EMD methods. The method shows superior noise reduction performance in both the 
time and frequency domains in comparison with the other two methods. 
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